• Acetic acid could be produced from the underutilized nipa sap using Moorella thermoacetica
ments such as coastal areas, river estuaries and mangrove forests with little care and investment [11, 12] . By tapping the stalk of nipa palm, sugar-rich sap can be obtained daily with high yield of around 1.3 L/(palm/day) and average sugar content of 16.4% [13] . Nipa palm can provide sap all year long and its annual productivity is estimated to be 169,000 L/(ha/year) [13] , equivalent to 181 t/(ha/year) [14] , which is higher than sugarcane juice, 70 t/(ha/year) [15] .
As reported by Tamunaidu and Saka [14] , chemical components of nipa sap include sucrose, glucose, fructose, and minor amounts of organic and inorganic compounds. Although these constituents can be used for various purposes, the sap is collected limitedly by local communities for their traditional use without any industrial applications [12, 16] . The underutilized nipa sap could, thus, be a good raw material for acetic acid production.
Bio-derived acetic acid can be obtained from different sugars through vinegar production using yeasts and Acetobacters [17] . However, the conversion effi-ciency of sugars to acetic acid is as low as 27% [18] due partly to CO 2 emission [3] To avoid carbon loss during fermentation of nipa sap, a novel process involving hydrolysis of the sugars in nipa sap and subsequent fermentation with Moorella thermoacetica has been developed [19] . The process does not release CO 2 during fermentation and most carbon atoms in the sugar can be converted to acetic acid according to the following reaction [3, 20] :
Initial application of this novel process on nipa sap provided 9.9 g/L of acetic acid from 10.2 g/L substrates, corresponding to 98% conversion efficiency of the sugars to acetic acid [19] . To be more effective for industrial-scale production, it is important to improve the product concentration. For that matter, substrate concentration should be increased. However, many microorganisms can be inhibited by high substrate concentration [21, 22] , but evidence of such effects on M. thermoacetica is scarce. Thus, the first objective of this study is to investigate the effects of high substrate concentration on batch fermentation by M. thermoacetica. Then, fed-batch technique was explored to improve acetic acid concentration from hydrolyzed nipa sap.
EXPERIMENTAL

Materials
Nipa sap was collected from Sarawak, Malaysia and stored in concentrated and frozen state. To prepare the substrate for fermentation, 200 g of the concentrated nipa sap was diluted with Milli-Q water to a total volume of 1 L in order to reach a sugar concentration similar to that of the natural sap.
Invertase solution (EC No.3.2.1.26) with a minimal activity of 4 units/mL was obtained from Wako Pure Chemical Industries Ltd., Osaka, Japan. M. thermoacetica (formerly Clostridium thermoaceticum) ATCC 39073 was purchased from the American Type Culture Collection (Manassas, VA, USA) in freeze--dried state. The procedures for revival of the microorganism and subsequent inoculum preparation were conducted as described by Nakamura et al. [23] .
Hydrolysis of nipa sap
Sucrose in nipa sap was hydrolyzed to glucose and fructose by 3.92 vol.% invertase solution at room temperature for 30 min.
Batch fermentation of standard sugars
Batch fermentations using glucose and fructose as carbon sources were first studied to investigate the effects of high substrate concentration on free cells of M. thermoacetica. For this purpose, a standard sugar solution containing 100 g/L each of glucose and fructose was used. Fermentation was accomplished in 500 mL DPC-2A fermenters. The composition and preparation of nutrients in the fermentation medium are detailed by Rabemanolontsoa et al. [24] The fermenters as well as the substrate and nutrient solutions were sterilized in an autoclave at 121 °C for 20 min. Then, they were moved to a glove box which provided an anaerobic environment by filling with N 2 gas. A working volume of 200 mL was obtained by pouring 20 mL of M. thermoacetica inoculum, 20-50 mL of standard sugar solution, adequate volumes of nutrient solution and water into each of the fermenters.
Fermentations were performed anaerobically at 60 °C with a stirring rate of 300 rpm. The pH was controlled at 6.5±0.1 by automatic titration with oxygen-free 2 M NaOH. To correct for the acetic acid produced from the nutrients, inoculum and invertase, fermentations without substrates were accomplished under the same conditions. Samples were collected at specific time intervals and were immediately frozen at -31 °C until analysis with high-performance liquid chromatography (HPLC).
Fed-batch fermentation of hydrolyzed nipa sap Fed-batch fermentation was started with similar nutrient concentrations as in batch fermentation and approximately 20 g/L sugars from 28 mL hydrolyzed nipa sap. In addition, oxygen-free feeding medium was separately prepared by dissolving solid nutrients to hydrolyzed nipa sap under N 2 atmosphere.
As total sugar concentration in the fermentation broth decreased, the medium containing substrate and nutrients was fed stepwise by a peristaltic pump. Total sugar concentration in the broth was increased by around 10 g/L after each feeding. The nutrient concentrations added for each feeding time, the ferment-ation temperature, stirring rate and pH control were similar to those for batch fermentation. Sampling was conducted just before and after feeding in order to determine sugar and product concentrations.
Analyses
The concentrations of sucrose, glucose, fructose were determined by HPLC (Shimadzu, Kyoto, Japan) equipped with a RI detector and a Shodex sugar KS-801 column (Showa Denko, Kanagawa, Japan). The column was maintained at 80 °C and eluted with Milli--Q water at a flow rate of 1 mL/min. The limit of detection for this method is between 2.7 and 4.5 mg/L [24] . Ash content in the concentrated nipa sap was determined by incineration at 600 °C for 2 h.
To analyze acid concentrations, an Aminex HPX-87H column (Bio-rad, Hercules, CA, USA) was used at 45 °C with 5 mM aqueous H 2 SO 4 solution as mobile phase, and the flow rate was set at 0.6 mL/min. Prior to injection into HPLC, samples were filtered through a 0.45 µm membrane to remove microorganisms. The limit of detection of HPLC using this column varied from 1.2 to 5.0 mg/L [24] .
Growth of M. thermoacetica was determined by measuring the optical density (OD) using Shimazu UV-Vis spectrophotometer (Kyoto, Japan) at 660 nm with water as reference.
In order to evaluate the performance of the fermentation techniques, conversion efficiency and acetic acid yield were respectively calculated according to Eqs. (1) and (2), while productivity was estimated with Eq. 
RESULTS AND DISCUSSION Chemical composition and hydrolysis of nipa sap Table 1 shows the chemical composition of nipa sap before and after hydrolysis by invertase. The raw nipa sap contained 82.1 g/L of sucrose, 29.8 g/L of glucose and 38.3 g/L fructose. In addition, 1.6 g/L of lactic acid and 6.0 g/L of inorganics as minor compounds were detected. In fact, sucrose is regarded as the primary sugar in original nipa sap [25] . During collection and storage process, hexoses and lactic acid can be spontaneously formed by hydrolysis and fermentation [26] . In this process, after enzymatic treatment with invertase, 99% of sucrose in nipa sap was hydrolyzed, increasing the concentrations of glucose and fructose to 72.2 and 81.3 g/L, respectively. The obtained hydrolyzed nipa sap was used for acetic acid fermentation by M. thermoacetica.
Batch fermentation
The capacity of batch fermentation to provide high concentration of acetic acid was first explored using glucose and fructose mixtures (1:1) as carbon sources. Figure 1a shows a comparison of acetic acid production from batch fermentations of 18.2, 28.9 and 48.0 g/L of total sugar mixtures by M. thermoacetica.
In general, lag periods of about 24 h were observed, regardless of the substrate concentration.
Acetic acid production from 18.2 g/L sugars was faster than that from 28.9 and 48.0 g/L sugars between 24-72 h of fermentation. This might be explained by the fact that high sugar concentration can cause slow initial cell growth for M. thermoacetica which might lead to low acetic acid production rate in the first 30 h of fermentation, as demonstrated by Witjitra et al. [27] .
At 96 h fermentation, acetic acid concentrations from fermentations of 18.2, 28.9 and 48.0 g/L sugars were similar to be 15.9, 13.8, 16.1 g/L, respectively. Then, the fermentation of 18.2 g/L sugars almost stopped because no more substrate remained in the broth. In contrast, the fermentations of 28.9 and 48.0 g/L continued for final acetic acid concentrations of 24.3 and 25.9 g/L, respectively. As shown in Figure 1a , acetic acid production rates for both fermentations of 28.9 and 48.0 g/L decreased gradually when acetic acid concentration increased. Many reports indicated that high concentration of the product might inhibit acetic acid production as well as cell growth [27] [28] [29] [30] . Although Wang et al. [30] demonstrated that the maximum acetic acid tolerance for M. thermoacetica is around 48 g/L, other studies showed that acetic acid concentration as low as 10 g/L can cause a reduction in rates of both cell growth and acetic acid production [28] . Therefore, not only the substrate concentration, but also the formation of acetic acid in higher concentration could be a possible reason for the decrease in fermentation rate. Figure 1b compares the conversion efficiencies of the different sugar concentrations in function of time. Increasing substrate concentration sharply decreased conversion efficiency of sugars to acetic acid. This shows that high substrate concentration could not be effectively converted to acetic acid in batch fermentation. Fed-batch fermentation has potential to solve this problem.
Choice of substrate concentration and feeding time for fed-batch fermentation Table 2 summarizes the results from batch fermentation of different substrate concentrations. Although 28.9 and 48.0 g/L provided higher acetic acid concentration than 18.2 g/L, their sugar consumption could not reach 100%. In the fermentation of 48.0 g/L sugars, 31% of the sugars still remained after 240 h, 25.9 g/L of acetic acid was produced, corresponding to a low conversion efficiency of 54%.
The conversion rate of sugars to acetic acid is high with the lowest substrate concentration, as evidenced by the data in Figure 1a and b. In more detail, similar conversion efficiencies of 90 and 84% were achieved respectively for 18.2 and 28.9 g/L after 168 h of fermentation. However, high efficiency of 87% was Table 2 . Rapid conversion and high productivity are desirable to reduce energy consumption during fed-batch fermentation. For these reasons, sugar concentrations near 18.2 g/L would be ideal for fed-batch fermentation.
To determine the proper feeding time, batch fermentation of 18.2 g/L sugars was studied in detail. Figure 2 shows the fermentation kinetics of 18.2 g/L sugars. A lag phase was observed in the first 24 h when very little acetic acid was produced at low cell density. In the next 24 h, M. thermoacetica grew rapidly and reached a maximum optical density of 2.0. Subsequently, the cell density remained at maximum in the stationary growth phase between 48-72 h fermentation. Meanwhile, acetic acid was produced significantly, with rapid substrate consumption. At 96 h, no sugars remained and acetic acid concentration reached 15.9 g/L. These results demonstrated that fast acetic acid production occurred with increasing and high cell density. From 72 h to 96 h, the optical density of cells in the death phase showed 2.5-fold decrease from 2.0 to 0.8 when 1.5 g/L of sugars remained in the fermenter. As discussed in several reports [27, [31] [32] [33] , the lack of substrates and nutrients can cause cell death. Therefore, both substrate and nutrients would be added to the fermentation medium to maintain the activity of microorganism in fed-batch fermentation.
Based on these fermentation kinetics, two strategies are applicable for the feeding time. The first one (qualified as low feeding rate) would wait for most of the substrates to be consumed, while the second one (named high feeding rate) would add the nutrients and substrates during the exponential and stationary phases between 24 and 72 h fermentation. These strategies were compared for fed-batch fermentation of nipa sap using M. thermoacetica.
Fed-batch fermentation
Fed-batch fermentation of hydrolyzed nipa sap was performed at an initial substrate concentration of around 20 g/L. Total sugars after feeding were regulated to remain below this concentration. According to Wang et al. [30] , the maximum acetic acid tolerance of M. thermoacetica was 0.8 M (48 g/L) . Therefore, to consume all sugars and to achieve high conversion efficiency, total sugars were added until 50 g/L only. Figure 3 shows substrate consumption and the obtained acetic acid concentration at (a) low and (b) high feeding rates during fed-batch fermentation of hydrolyzed nipa sap. For both experiments, the second feeding was implemented at 72 h but in the case of (a) low feeding rate, the third and fourth feedings were conducted when most substrates were consumed with sugar concentration below 2.0 g/L. As shown in Figure 3a , total 49.0 g/L sugars in hydrolyzed nipa sap were fermented completely in low feeding rate and acetic acid concentration reached 42.3 g/L at 408 h. This corresponds to a conversion efficiency of 86%. However, when little sugar remained in the fermentation medium from 120 to 144 h and from 216 to 264 h, substrate consumption rate decalerated. Even after the third and fourth feedings, substrate consumption rate remained slow for nearly 24 h, resulting into a prolonged fermentation time of 408 h. To increase the speed of fed-batch fermentation, high feeding rate was explored. Figure 3b presents the results from fed-batch fermentation of hydrolyzed nipa sap with high feeding rate. The time intervals for the third and fourth feedings were reduced to be lower than 72 h. As a result, substrate consumption and acetic acid production maintained their high rates until total substrates were consumed completely at 240 h. From total of 49.0 g/L sugars in nipa sap, 42.6 g/L acetic acid was obtained with a conversion efficiency of 87%. This conversion efficiency could not reach 100% because part of the sugars might have been used for cell growth [27] [28] [29] .
High feeding rate and low feeding rate showed similar final acetic acid concentration and conversion efficiency. However, fed-batch fermentation with high feeding rate reduced the total fermentation time and therefore improved 1.7-fold acetic acid productivity from 0.10 to 0.18 g/L/h, as compared to that with low feeding rate.
Comparison of fermentation performance during each feeding cycle Figure 4 compares acetic acid yield (a) and acetic acid productivity (b) of each feeding cycle in fedbatch fermentations of hydrolyzed nipa sap. In the first 3 feedings, the yield obtained with high feeding rate was lesser than the one with low feeding rate because the microorganisms might not have enough time to finish the metabolism until the end-product, and part of the consumed sugars might be in forms of intracellular intermediate compounds. Nevertheless, in the 4 th feeding, metabolism could have been completed and high feeding rate slightly surpassed low feeding rate in terms of yield.
Either for low or high feeding rate, the yield was lower in the first feeding as compared with the subsequent ones. This may be due to the fact that the microorganisms actively grew in the first feeding and made more cells than in the next ones [34] . Acetic acid yield for all feedings were above 0.68 g/g sugar. This reveals that high acetic acid yield from nipa sap could remain during extended fermentation with many feeding cycles. Figure 4b compares acetic acid productivities for each feeding cycle in fed-batch fermentations. High and low feeding rates showed similar productivities in the first batch cycle. In later batch cycles, high feeding rate expressed much superior productivity due to its shorter fermentation time. Additionally, the lack of substrates and nutrients during low feeding rate with extended fermentation time could have caused cell death and reduced acetic acid production [27, [31] [32] [33] . Thus, the fast feeding of substrate and nutrients might have maintained viable cells and bioconversion of sugars into acetic acid.
In general, both fed-batch fermentations with low and high feeding rates showed a similar trend of acetic acid productivities. Compared with the first batch, higher acetic acid productivities were obtained in the second batch because the first batch might have had lag and exponential phases while the second feeding might have been conducted in stationary phase with already high cell density. For this reason, acetic acid production occurred rapidly in the second batch. However, acetic acid productivities declined after the second feeding cycle. Since acetic acid can inhibit cell growth and acetic acid production [30, 34] , high acetic acid concentration accumulated from the fermentation might have caused lower acetic acid productivities in the third and fourth feeding cycles.
Comparison with traditional acetic acid production In the traditional vinegar production from nipa sap in the Philippines, around 4.5-5.5% acetic acid was produced from 15-22% nipa sap [18] . The present method achieved a similar acetic acid concentration of 42.6 g/L. In addition, this study showed 87% conversion efficiency which is 3.2-fold higher than the one from the traditional method to be 27% [18] . In other words, from 1 kg of nipa sap, the current process can provide 115 mL of acetic acid while only 36 mL can be obtained from the traditional vinegar production. Consequently, this technology is ultra-efficient to convert sugars in nipa sap to acetic acid.
CONCLUSIONS
In this study, the conversion of high substrate concentrations to acetic acid by M. thermoacetica was explored and showed that increasing sugar concentration caused low conversion efficiency in batch fermentation. Therefore, fed-batch fermentation technique was investigated. As a result, fed-batch fermentation of total 49.0 g/L sugars in nipa sap could produce 42.6 g/L of acetic acid, which is similar to the vinegar production process but with much higher acetic acid yield of 0.87 g/g sugar. Thus, fed-batch fermentation of the underutilized nipa sap by M. thermoacetica may be a promising route for efficient acetic acid production.
